Mobile DNA elements play a major role in genome plasticity and other evolutionary processes, an insight gained primarily through the study of transposons and retrotransposons (generally about 1000 nt or longer). These elements spawn smaller parasitic versions (generally greater than 100 nt) that propagate through proteins encoded by the full elements.
Introduction
The genomes of eubacteria and archaea are gene-dense, with noncoding regions accounting for only 6% to 24% of the genome (Mira et al. 2001) . The tandem repeats that are frequently seen in eukaryotic noncoding regions (Tóth et al. 2000) have seldom been reported in bacteria (van Belkum et al. 1998 ), but dispersed repeated sequences are common: transposons and minitransposons (Siguier et al. 2006) , long palindromic sequences in the range of 60 nt to 200 nt (Wilson and Sharp 2006) , short palindromic sequences in the range of 27 nt to 60 nt and their composites (Bachellier et al. 1999; Tobes and Ramos 2005) , and very short dispersed repeats (Robinson et al. 1995; Smith et al. 1999; Mrázek et al. 2002; Arakawa et al. 2007) . Considering the ubiquity of dispersed repeated sequences and their emerging role in genome evolution (Shapiro 2005; Siguier et al. 2006) , we can hardly be said to comprehend bacterial genomes without first giving an account of what they are, what they do, and how they arise.
The mechanisms by which new copies of dispersed repeateds are generated are well understood in some but by no means all cases. Transposon copies arise through DNA intermediates, catalyzed by transposases (Gueguen et al. 2005) . Copies of retroposons (and degenerate retroposons, such as Alu sequences) are made through RNA intermediates, catalyzed by reverse transcriptase (Ostertag and Kazazian 2001) . Minitransposons (also called MITEs), a category that may include the well studied ERIC sequences (De Gregario et al. 2005) , are thought to rely on transposases encoded outside of the mobile element (Siguier et al. 2006) . The 8-nt highly iterated palindromic (HIP1) sequences observed in the genomes of many related cyanobacteria are thought not to be mobile but rather to form through mutation from preexisting sequences (Robinson et al. 1997) , The mechanisms by which small dispersed repeats are generated are otherwise unknown.
The genomes of the cyanobacterium Nostoc punctiforme ATCC 29133 and its relatives are unusual in that about 1.5% (approximately 7.5% of intergenic sequences) is taken up by tandem repeats at least 20-nt in length (Meeks et al. 2001 ; J. Elhai, T. Katayama, R. Narikawa, S. Okamoto, C. Friedland, R. Nayak, M. Ikeuchi, and M. Kanehisa, unpublished) . Repeating units of 7-nt (Mazel et al. 1990; Meeks et al. 2001) are by far the most common, with only a few of the possible families of heptameric repeats accounting for almost all of the occurrences. They, like eukaryotic microsatellites (Toth et al. 2000) , are responsible for hypervariable loci, including the taxonomically useful length polymorphism within the intron interrupting the tRNA Leu (UAA) gene of Nostoc strains (Costa et al. 2002) .
In rare instances, the tandem repeats of the intron are interrupted by a short segment of nonrepeating DNA of 24, 42, 45 or 48-nt in length (Costa et al. 2002) . The sporadic nature of the interpolations indicates recent origins and raises the question of how such interpolations might arise.
We report here that these short interpolations themselves are dispersed throughout the genome. The analyses of these sequences in context with their surroundings provide insights as to the mechanistic basis of their dispersal, apparently distinct from mechanisms thus far described.
Results
Characterization of iterated sequences in the genome of Nostoc Costa et al. (2002) reported the sequences of the tRNA Leu (UAA) intron from 54
isolates of Nostoc. Of these, eight possess segments interrupting a region of tandemly repeated heptamers, with six of the segments being unique. Matches were found to five of the unique segments in the genome of Nostoc punctiforme, none in the intron. No match was found to a sixth unique segment, 42 nt in the intron of Nostoc strain Nos20, and it was not considered further in this study. The results of these searches are discussed below and summarized in Fig The six subfamilies share a conserved core of nine nucleotides or ten (GAGCG.AG.CGA) if SDR1.3 is excluded. That core is flanked by a 4-nt inverted repeat, again excluding SDR1.3, supported by a pattern of compensatory mutations at positions 5-9
and 21-24. To assess the significance of the inverted repeat, we searched the genome for all instances of the 10-nt core pattern and examined the flanking sequences (Table 1) . Far more instances of the core pattern were found than expected by chance, and of the new instances, 77% were flanked by 4-nt inverted repeats of diverse sequences. None would be expected by chance, and we take these results, along with the marked bias towards GT paired substitutions over AC paired substitutions to indicate that selection acts on a single stranded polynucleotide, presumably RNA transcribed from SDR1, capable of internal base pairing.
With SDR1 redefined as possessing the 10-nt core and flanking inverted repeats, we found 11 subfamilies with at least 4 members (Fig. 1) . The definition excludes SDR1.3. This and other special cases are discussed later.
There are rare cases where the 4-nt inverted repeat is greatly extended. In
Crocosphaera watsonii, six instances of SDR1 have the 4-nt inverted repeat extended 9 additional complementary nucleotides in each direction, a conclusion supported by compensatory mutations (Supplemental Fig. 1 ). Similar extensions can be seen with instances of SDR1 in Anabaena PCC 7120 and Nodularia CCY9414, but we've seen no such extensions in the many instances of SDR1 in Nostoc.
Characterization of SDR2
The identical sequences of Nostoc Nos37 and Nos38 that interrupt their tRNA Leu introns were used to search the Nostoc genome, yielding a family of sequences, termed SDR2, that fall into two closely related subgroups, SDR2a (24 nt) and SDR2b (25 nt). The two subgroups share the same 20-nt palindromic core with the exception of an insertion/deletion (Fig. 1) . Although the pattern of single mutations within the palindrome is highly biased towards those maintaining base pairing through G-U interaction (A-C on the complementary strand), evidence on the basis of compensatory mutations for a secondary structure of SDR2a and SDR2b maintained by selection is slight (Table 2 and Supplemental Figs. 2a and 2b ).
However, the most common variants of SDR2 differ only in the two central nucleotides (Supplemental Fig. 9 , panel 1B), those that would not be expected to participate in basepairing if the palindrome folded onto itself. The element is sometimes flanked on the right by four nucleotides (often CTAC) capable of extending the palindrome to 28 nt (Supplemental Fig. 2 and Supplemental Fig. 10 ).
Characterization of SDR3
The interruption in the intron from Nostoc Nos51 was used to find in N. punctiforme a small family of sequences, SDR3 ( Fig. 1 and Supplemental Fig. 3 ). There is insufficient variability in the set to permit identification of conserved complementary regions.
Characterization of SDR4
No sequence in the N. punctiforme genome matched the full extent of the 45-nt interruption from Nostoc Nos33. An internal 25-nt segment, however, was similar to the largest family of small repeated elements we have found, SDR4 ( Fig. 1 and Supplemental   Fig. 4 ). The element has two pairs of complementary segments, both confirmed by multiple compensatory mutations that preserve the base pairing (Table 2 and Supplemental Fig. 4) .
Note, however, that the choice of strand shown in Fig. 1 is somewhat arbitrary. We cannot exclude the possibility that the complementary strand is functionally important. The remaining part of the sequence from Nostoc Nos33 is identical to SDR1.21 (Supplemental Fig. 1 ). The original 45-nt sequence is therefore a fusion of two SDR elements, a matter that will be explored more fully below.
Characterization of SDR5 through SDR8
In characterizing these families of repeated elements related to known interpolations within cyanobacterial introns, we encountered other juxtaposed repeated elements ( Fig. 1 there is insufficient variability to test the significance of the potential base-pairing. These three families of repeated sequences share little common sequence, but their predicted secondary structures -in each case two GyA loops fixed in place by GC-rich stems --show striking similarity ( Fig. 2A-C ). SDR8 may also possess a GyA loop flanked by a GC-rich stem.
SDR4.12 ( Fig. 1 ) is bigger by 5 nt than conventional SDR sequences by reason of a right loop that does not fit the usual pattern. This and other chance discoveries prompted us to look systematically for instances of SDR4 that had up to 3 additional nucleotides in the right loop. 33 such instances were found (Fig. 2E and 2F; Supplemental Fig. 4) , In all cases where one additional nucleotide was found, the loop possessed an extra central pyrimidine. In all cases where three additional nucleotides were found, the extreme nucleotides pair with each other and the internal four follow the same pattern, GTTA, as with one additional nucleotide.
The left loop seldom exceeds 3 nt in instances of SDR4 in N. punctiforme. However, such extensions are much more common in SDR4 sequences in other related cyanobacteria, with their sequences similar to those of right loops (Fig. 2D ). We could find no instances of SDR5 with loop extensions.
SDR7, like SDR2a, contains a long perfect palindromic sequence, the self-pairing of which is not significantly supported by an analysis of mutations within the palindrome (Table 2 and Supplemental Fig. 7 ).
Possible secondary structure in SDR elements
All the SDR families possess palindromic regions capable of internal base-pairing, but DNA palindromes are also commonly used as binding sites by dimeric proteins. To assess whether these regions play a role in secondary structure, we analyzed the occurrences of compensatory mutations, important indicators of nucleotide-nucleotide interactions (Rousset et al. 1991; Rivas and Eddy 2001) . The number of compensatory mutations in nucleotide pairs postulated to be important in structure (indicated in Fig. 1 ) were compared with the number from all other possible pairings (Table 2 ). In the cases of SDR1, SDR4, and SDR5, the number of compensatory mutations at the structural positions significantly exceeded that expected from arbitrary pairings, and in the case of SDR2a the excess was weakly significant.
Base pairing between G and T (or U in RNA) may also serve to preserve secondary structure or may be an intermediate state on the way to full compensatory mutations (Rousset et al. 1991) . A change producing an AC combination is consistent with GT pairing of nucleotides on the opposite strand. Interestingly, the number of single mutations allowing GT pairing in structural positions significantly exceeded expectation in the cases of SDR1 and SDR5, while the number of GT pairings in structural positions on both strands significantly exceeded expectation in the case of the symmetrical element SDR2a. Curiously, the asymmetrical element SDR4 also had significantly increased possibility of GT pairings on both strands at structural positions.
Exhaustive search for SDR elements in the genome of Nostoc
We were concerned that by following the interpolations in the Nostoc introns, we may have ignored repeated sequences of greater quantitative importance. To address this issue, we performed an unbiased, exhaustive search for elements of at least 24-nt that occur in multiple copies in the genome of Nostoc punctiforme and for comparison applied the same analysis to genomes from two other bacteria: a distantly related cyanobacterium, Synechocystis PCC 6803, and Escherichia coli (Table 3) .
Topping the list of repeated sequences in N. punctiforme are two 24-mers contained within multiple CRISPR families previously described (Godde and Bickerton 2006) in the Nostoc genome. Tandem heptameric and octomeric repeats and insertion sequences (full-size and miniature) are also on the list, but the majority of common repeated sequences in Nostoc are part of SDR elements characterized in the previous section. The lone exception is part of a long imperfect palindrome of variable length, termed SDRQ, that is reminiscent of BoxC sequences from E. coli (Bachellier et al. 1999) in that the palindrome arises from a purine-rich region juxtaposed to a pyrimidine-rich region. There are at least 14 copies of this element greater than 100 nt and many dozens of other instances that are smaller or too divergent to be detected by Blast to their full extent. A more complete characterization of this element (and others of lower copy) lies outside the scope of this report.
Synechocystis PCC 6803 and Escherichia coli have quite different patterns of repeated sequences (Table 3 ). The set of repeated sequences from Synechocystis is dominated by insertion sequences, while almost all repeated sequences in E. coli with copy number greater than 10 fall into a single previously described family, PU/REP (Bachellier et al. 1999 ).
Members of this family differ from one another only by a few nucleotides, and like several of the SDR elements, PU/REP elements have sequences that assume secondary structure, as confirmed by compensatory mutations (Supplemental Fig. 11 ).
Since SDR2a and SDR7 contain long perfect palindromes, we also searched the genome for all perfect palindromic sequences of length equal to or greater than 2 x 10 (Supplemental Fig. 10 ). Of the 124 palindromes found, 55 are accounted for by SDR2a and SDR7 sequences, and none of the remainder occur with a copy number greater than 2.
The SDR sequences in Fig. 1 are therefore the most numerous of all uncharacterized repeats and palindromes in the genome of N. punctiforme, but this type of repeat is not generally found in bacterial genomes. The total number of repeats shown in Fig. 1 represents about 0.3% of the total genome of Nostoc punctiforme and about 1.5% of its intergenic sequence.
Locations of SDR elements
It would be of interest to know how rapidly in evolutionary time new insertions occur in the genome. One useful time marker is the typical transit rate for plasmids. If insertion occurs rapidly with respect to the rate of plasmid gain and loss, then one would expect to find SDR elements appearing in the chromosome and in plasmids to a degree proportional to their target sizes. The ratio of the chromosomal target size to plasmid target size may be estimated as the ratio of their lengths, which is 10:1 in the case of N. punctiforme. This is probably an overestimate, as plasmids figure to have a higher percentage of genes not subject to selection within Nostoc. Insertions of SDR5 are distributed amongst the chromosomes and plasmids, with 5% in the latter (9 out of 166; Fig. 1 ). In the related cyanobacteria Anabaena PCC 7120
and Anabaena variabilis, 6 of 16 insertions of SDR5 are in plasmids, 5 of them in a single plasmid, pAlpha. The sequences of the remaining SDR families, however, are overwhelmingly in the chromosome, 1001 instances compared with 17 in plasmids instances (a 60:1 ratio). If SDR elements can move between distinct molecules, they move considerably more slowly than the rate of plasmid loss and acquisition, except for SDR5.
As one would expect, there is a strong bias against the insertion of SDR elements within genes (Table 4 ). This bias is most pronounced when the length of the element is not a multiple of three (compare in Table 4 the fraction of SDR1, SDR2a, SDR3, SDR4, and SDR5
insertions in genes with the same fraction of SDR2b and SDR7 insertions).
The location of the palindromic elements SDR2a, SDR2b, and SDR7 appears to be biased towards sequences downstream from two genes ( Table 4) . Part of the bias may be an artifact of the greater percentage of space within convergent genes that is not subject to strong selective pressure, but if so, then the bias is much less with the nonpalindromic SDR elements. Such a bias is seen with palindromic sequences from a wide variety of eubacteria (Petrillo 2006) and in particular, with the PU/REP elements of E. coli (Table 4 ). SDR2a elements go still further, tending to lie close to the ends of genes. 31% are found within 30 nt from the 3' end of a gene, two to three-times the typical value for SDR elements. This characteristic is accounted for by a subset of SDR2a elements, those flanked by heptameric repeats, as described in the next section.
Rho-independent transcriptional terminator sequences typically consist of a long palindrome downstream from a gene, followed by a string of thymidine residues (Yarnell and Roberts 1999) . Long thymidine-rich regions (as previously defined by de Hoon et al 2005) are seldom observed adjacent to the palindromic SDR elements (Supplemental Figs. 2a, 2b, and 7) or PU/REP elements (Supplemental Fig. 11 ), but short stretches (at least 4 thymidines) are common 3' to SDR7 sequences, found within 10 nt of 39% of SDR7 sequences, as compared to 3% expected from mononucleotide frequencies. Curiously, in 82% of these cases, the thymidines are immediately preceded by one of the three termination codons, even though the codon is not part of an open reading frame.
Sequences flanking SDR elements
Do the SDR elements as defined constitute mobile units? If an element were dispersed as an independent unit, then one would not expect to see any correlation between variations in the flanking sequences and minor variations within the intervening sequence itself (except as determined by target preferences). On the other hand, if the intervening sequence were dispersed in the genome through a mechanism that depended on flanking sequences, then grouping the SDR elements by their internal variation should simultaneously group the segments by their flanking sequences.
In some cases, there is a strong correlation between an SDR family and a specific flanking repetitive sequence. 68% of those instances of SDR2a that occur in high copy (3 or more copies) are flanked by a recognizable variation of STRR8 (Meeks et al. 2001 We found 4-fold more units with these inverted ends besides those containing SDR2b. 90% of these were smaller than 160 nt, but two were full-sized insertion sequences containing a copy of the transposase encoded by npr1652. In addition, there are 14 full instances of SDR8 and 14 full instances of SDR4 within npr1652-related minitransposons ( Fig. 3A and Supplemental It is important to note that the SDR elements are generally distinct from the units in which they are contained. For example, SDR4 is more often found outside of the minitransposons described above, and the minitransposons are generally found without SDR elements. The heptameric repeats are found in the Nostoc genome far more frequently without SDR elements.
The flanking sequences for some SDR elements are highly variable ( Fig SDR1.17 ( Fig. 1 ) is one of many subfamilies whose members have nearly identical flanking sequences that cannot be explained by appealing to heptameric repeats or transposable elements. These are taken up in the next section.
Nested SDR elements
All the SDR elements characterized in this study are smaller than 30 nt, but the sequence interpolated into the tRNA leu introns of Nostoc Nos41 and Nos33 are 48 nt and 45 nt in length, respectively ( Fig These sequences illustrate not only the ability of SDR1 to insert into new locations but also the ability of degradative forces --deletion and mutation --to reclaim genome space taken up by repeated sequences. It seems fair to conclude that except in those cases where repeated sequences provide selective advantage, we see only those instances that have appeared relatively recently in evolutionary time.
Not all nested elements can be explained by a branching series of insertions and mutations. Fig. 4D shows a set of related sequences that cannot be so explained, without resorting to unlikely coincidences, for example insertion of the same SDR4/6 at the same position within two different instances of SDR1. The sequences point to a mechanism to spread a mutation at one site to other similar sequences, perhaps by recombination amongst chromosomal copies or by gene conversion.
Given the complexity of nested elements illustrated by Fig. 4 , it is clearly difficult to automate their identification, hence we do not know the full extent to which nested elements occur in the genome. To get some idea, we performed an exhaustive search for SDR1 elements identified by the pattern "….(<<<<)GAGCG.AG.CGA(>>>>) (where <<<< >>>> indicates 4-nt inverted repeats) and split by insertions from 21 to 28 nucleotides. 72 such cases were found in the N. punctiforme genome (45% of the number of unsplit instances of SDR1), of which 37% are interrupted by an insertion of SDR1 and 43% by SDR4. Looked at it from the inside out, of instances of SDR4 in subfamilies with 3 or more copies, 54% lie within either SDR1 or SDR4. In instances of SDR1, 27% lie within SDR1. Fig. 1 indicates some of the diversity of these nested elements (Supplemental Figs. 1 and 4 show all cases with high copy subfamilies).
In contrast, SDR6 is part of what appears to be a single fused element with SDR4.
87% of all instances of SDR6 are preceded by SDR4 (or its residue) in the same position and the same inverted orientation, and the same is true of instances in related cyanobacteria (Supplemental Fig. 6 ), suggesting a single origin. There is no clear evidence of an independent existence of SDR6. The SDR4/SDR6 unit lies within several different contexts, consistent with the idea that the fused unit is mobile. One insertion evidently occured within SDR1.2 to form the initially anomalous SDR1.3, mentioned earlier.
The insertion of SDR4 into SDR1 indicates that SDR1 was present in the genome at a time when SDR4 was mobile. We looked for other such relationships and found insertions of SDR4 into SDR5 and the SDR4/SDR6 element as well as into itself (Supplemental Fig. 4 ), SDR1 into SDR5 as well as into itself (Supplemental Fig. 1 ), and the SDR4/SDR6 element into SDR1 as well as into itself (Supplemental Figs. 4 and 6). We found no instances of other SDR elements participating in nesting. One might derive from this an order of appearance of SDR5, then SDR1, then SDR4/SDR6, and finally SDR4, but the true sequence of events is undoubtedly more complex, as will be discussed.
SDR elements in other cyanobacteria
In order to relate the presence of SDR elements to organismal phylogeny, we considered the genomes of the cyanobacteria shown in Fig. 5 . Except for SDR1 and SDR7, the SDR elements were confined to a coherent class, the heterocystous cyanobacteria, represented by N. punctiforme, Anabaena PCC 7120, Anabaena variabilis ATCC 29413, and Nodularia CCY9414. A few instances of SDR7 were also found in strains within a larger class, the filamentous cyanobacteria, of which the heterocystous cyanobacteria are a part, and one unicellular strain, Crocosphaera watsonii, related to filamentous cyanobacteria, possesses many SDR1 elements. The original SDR elements in the tRNA intron from different strains of Nostoc in five of six cases match exactly the sequence of an SDR element from Nostoc punctiforme, and in four of those instances, the flanking sequences also match.
It is of obvious interest whether apparent insertions of SDR elements are of ancient or recent origin. If the former, then the sites of insertion might be conserved amongst related organisms. We aligned and examined sequences at all informative sites for each element, an informative site defined as one occurring within a conserved gene (a gene with orthologs in both organisms under consideration) or between the same two conserved genes. The results of this analysis are summarized in Table 5 and discussed below.
SDR2a and SDR4 are the most common elements amongst the heterocystous cyanobacteria, with dozens of instances in all four of the sequenced genomes (Fig. 1 with regards to either position (as described in Table 4) Table 5 would seem to indicate an ancient origin of SDR5 insertions as well.
Indeed, one insertion is found conserved in orthologs of NpF5954 amongst all four heterocystous cyanobacteria (Supplemental Fig. 12 ).
SDR2b is represented by only one instance in both strains of Anabaena, at a position conserved between the two but not with Nostoc. None of the few instances of SDR7 and SDR8 in cyanobacteria besides Nostoc were in conserved positions.
Unit lengths and target preferences of SDR elements
We compared conserved sites containing SDR elements in one genome but not in another, hoping thereby to determine their boundaries and to deduce what sequence features attract new insertions. Seven such insertions of SDR4 were found within conserved regions as previously defined (Fig. 6F and Suppl. Fig. 12 ). In five of these instances, the insertion was coextensive with the proposed length of the SDR element. The observed alignments are more consistent with insertions rather than deletions, as in all three cases where an apparent insertion of SDR4 was found within a gene with orthologs in other cyanobacteria, alignments of the orthologs show gaps where SDR4 should appear. In all cases, the sequences flanking the insertion of SDR4 was consistent (at least 3 identities) with the 5-nt target sequence, CG|AAG, deduced from the analysis of nested elements (see above).
Of 12 informative and interpretable instances of SDR1 elements (Suppl. Fig. 12 ), most are explainable by recombination, using flanking heptameric repeats (e.g., Fig. 6A ) but four appear to be insertions of SDR1 or a nested version of SDR1 (e.g. Fig. 6B ). In all those cases, the apparent insertion unit is 24 nucleotides (or multiples of 24 in the case of nested elements). No target sequence is evident.
SDR5 shows an even stronger preference for a target sequence. Of 31 insertions of SDR5 into conserved regions of genes with orthologs in two organisms we examined, 29
showed insertions of 21 nt, the proposed length of SDR5 (Fig. 6G and Suppl. Fig. 12 ).
Remarkably, the apparent target site of SDR5 is GCG|ATCGC, a sequence (called HIP1) that is highly overrepresented in many cyanobacteria (Robinson et al. 1995) and possibly involved in recombination (Robinson et al. 1997) . As with SDR4, the events leading up to the presence or absence of SDR5 must be interpreted as insertions, not deletions, since orthologs of genes bearing SDR5 in nonheterocystous cyanobacteria lack the insert. Of the 67 instances of SDR5 elements in N. punctiforme with copy number three or greater, 82% lie within HIP1 sites between the third and fourth position, and all of the remaining elements are flanked by a HIP1-like site ( Fig. 1 and Supplemental Fig. 5 ). Apart from a near absolute preference for A and T and positions 3 and 4, respectively, deviations from the canonical HIP1 sequence are equally likely at all positions (data not shown). SDR5 therefore has an extreme preference for HIP1 sites, one that is no less strong with instances in other heterocystous cyanobacteria. This is sufficient to explain the absence of SDR5 insertions into other SDR elements, as noted above, since HIP1 sites do not appear in other SDR elements.
SDR2a presents quite a different picture. There are 64 instances in which Anabaena variabilis has a copy of SDR2a between two conserved genes but Anabaena PCC 7120 does not in the corresponding position (Suppl. Fig. 12 and data not shown). Alignments of these regions were carefully examined, and no instance was found showing clear evidence of a new insertion. Instead, 35% of the instances appeared mediated by transposition of the minitransposon that contains SDR2a.5 (Fig. 3, Supplemental Fig. 2a ). 49% appeared to have arisen through recombination at sequences flanking the SDR element -most using variations on tandemly repeated AACAACT, including 10 events that seemed to be duplications of SDR2a a short distance from the first instance (Fig. 6D) . Of the remaining instances, 6% had tandem instances of AACAACT flanking the SDRa element but no discernible heptamer in PCC 7120, and the rest could not be interpreted, generally because the intergenic region had diverged beyond recognition. In no case is there clear evidence of insertion except as mediated by known processes.
There are only a few instances of SDR3 within Nostoc genes in regions sufficiently conserved to permit comparison with orthologous genes in Anabaena or vice versa (Fig. 6E and Suppl. Fig. 12 ). All interpretable cases where SDR3 was present in one genome but not the other could be explained by recombination between regions of tandem repeats. We found no instances of SDR2b, SDR6, SDR7, or SDR8 within regions sufficiently conserved to permit comparison of the site between genomes.
Discussion
Dispersed repeated sequences comprise a significant fraction of genomes in all branches of life, and they are fundamental to important evolutionary processes (Kazazian 2004; Lowe et al. 2007 ). The genomes of Nostoc punctiforme and its relatives possess previously unreported repeated sequences in the range of 21 -27 nt, some of them evidently mobile. Since this is less than half the size of any sequence we know of with demonstrated mobility, a certain amount of skepticism is understandable. We have therefore reviewed below the evidence concerning each of the major claims of this work.
Are SDR elements mobile?
We consider an element to be mobile if it appears in new genome positions as a unit, if it does so independently of its immediate originating context, and if it relies on a mechanism distinct from recombination and gene conversion. The first condition excludes, for example, the 8-nt HIP1 sequences of cyanobacteria (Robinson et al. 1997 ) and the 9-nt transformation uptake signals of Haemophilus influenzae (Smith et al. 1999) , which appear to achieve their high copy numbers by mutation in place, maintained by selection. The second condition excludes, for example, transposase genes, which are mobile only when flanked by the termini of their transposons. Also excluded are sequences that appear in new positions owing to recombination mediated by flanking repeated sequences (Kazazian 2004) . The third condition prevents us from folding the flanking repeats of the last example into the units and calling them mobile elements.
By these criteria, there is strong evidence to support the claim that SDR1, SDR4, and SDR5 are mobile elements. All three (especially SDR5) are flanked by a diversity of flanking sequences ( Fig. 1 and Suppl. Figs. 1, 4, and 5). Their insertion as a unit independent of recombination and gene conversion is evident from numerous comparisons of orthologous genes ( Fig. 6 and Suppl. Fig. 12 ). Furthermore, SDR1 and SDR4 appear often to have inserted into copies of themselves at various sites. The case for the fused SDR4/SDR6 element is weaker, relying on several instances where it appears to have inserted into other SDR elements ( Fig. 4D and Suppl. Fig. 6 ).
In contrast, there is little evidence for the mobility of the other SDR elements. The many instances of SDR2a and fewer instances of SDR3 (Fig. 6 and Suppl. Fig. 12 ) are either explained by recombination or are uninterpretable, and they have little diversity in flanking sequences ( Fig. 1 and Suppl. Figs. 2a and 3 ). SDR7 has a great deal of diversity in flanking sequences, but we have no evidence of insertion as a unit as opposed, for example, to arising by mutation in place.
Do SDR elements function as RNA?
This claim rests entirely on mutational analyses that in certain instances point to secondary structures apparently preserved by selection. The case is strong for SDR1, SDR4, and SDR5, where the number of compensatory mutations in regions of putative secondary structure far exceed expectation (Table 2) . A weaker case can be made on this basis for SDR2a, one that is bolstered by the statistically significant excess of single transitions leading to potential G-T base pairs. The existence of base pairing in vivo within a single strand of double-stranded DNA is controversial (Kurahashi et al. 2004) , and so we extend the inference of secondary structure to indicate a selectable role for RNA in SDR function. It is important to note that this role does not necessarily have to be in propagation of the element. Small RNAs have been previously associated with certain repeated sequences in Drosophila (Aravin et al. 2003 ).
The propensity of SDR1 and SDR4 to insert themselves into other SDR sequences may be another piece of evidence pointing to an RNA intermediate. The insertions occur at multiple sites within the elements, indicating that it is not sequence that attracts the inserting element but a more general property associated with target elements. The existence of SDR elements as RNA molecules, perhaps bound to protein, could set them apart from other sequences in the genome.
Can the mobility of SDR elements be explained by known mechanisms?
The mechanism or mechanisms by which SDR elements move are not clear. DNAbased transposition is not a likely explanation. Unlike most transposons (Siguier et al. 2006 ), SDR1, SDR4, SDR5, and SDR6 do not possess terminal inverted repeats and do not generate flanking direct repeats. If these SDR elements were minitransposons, they would be by far the smallest reported, and the lengths of the elements appear to be too small to fit within the topological constraints imposed by the known mechanisms of transposition (Lane et al. 1994; Gueguen et al. 2005) .
Retrotransposition is a more appealing possibility. Genes capable of encoding proteins similar to reverse transcriptase within possibly mobile Type II introns have been observed in Nostoc punctiforme (Dai et al. 2003; Doulatov et al. 2004 ) and other cyanobacteria (Nakamura et al. 2002; Dai et al. 2003; Doulatov et al. 2004) . However, the apparently mobile SDR elements differ from LTR retrotransposons in that they lack long terminal repeats, and they differ from non-LTR retrotransposons in that they do not generate flanking direct repeats (Ostertag and Kazazian 2001) . Type II introns (Lambowitz and Zimmerly 2004) are able to retrotranspose to ectopic locations in the genome, but the length of the apparent targets observed in these events are considerably greater than those of the mobile SDR elements (Dickson et al. 2001; Lambowitz and Zimmerly 2004; Fernández-López et al. 2005 ) and a degenerate type II intron the size of SDR5 would be less than one-fourth the size of any previously observed (Lambowitz and Zimmerly 2004) .
A provocative clue as to mechanism may be provided by the nearly absolute target requirement of SDR5 for HIP1 sequences, GCGATCGC. The observed role of HIP1 in recombination (Robinson et al. 1997 ) is reminiscent of another 8-nt sequence, chi, that is part of the recombination process in E. coli (Smith 2001) . Chi sites are recognized by RecBCD holoenzyme either as a proximal target for nicking or as a signal to stop DNA degradation.
Either way, DNA near chi sites are rendered recombinogenic. If HIP1 sites serve a similar role, then basepairing between the exposed HIP1 DNA and the ends of SDR5 RNA may lead to integration of SDR5 through target-primed reverse transcription (Lambowitz and Zimmerly 2004) . potential GC-rich stems topped by loops of the pattern GyA (Fig. 2 ). Perhaps these serve as binding sites for a protein required for mobility of the elements (it is of course possible that they serve a functional role independent of mobility).
Are SDR elements similar to previously described repeated sequences?
The families of SDR elements in Nostoc exhibit different characteristics from previously reported small dispersed repeats. Unlike SDR elements, the previously described ERIC/IRU (Wilson and Sharp 2006; De Gregario et al. 2005) , RSA (Bachellier et al. 1999) ,
and BoxC (Bachellier et al. 1999 ) elements in enteric bacteria, RUP (Oggioni and Claverys 1999) and boxAB n C (Martin et al. 1992; Knutson et al. 2006 ) elements in Streptococcus, and NEMIS (Mazzone et al. 2001) and SRE/Correia (Buisine et al. 2002) elements in Neisseria are all relatively long imperfect palindromes possibly derived from transposons.
The PU/REP elements described in enterobacterial genomes (Bachellier et al. 1999) have characteristics with some similarity to SDR elements. They are short, 30 to 37-nt in length, with most of that length occupied by an imperfect palindrome. Like SDR1, SDR2a, and SDR2b, PU/REP elements end in an unpaired 4-nt tail, However, SDR2a and SDR2a augment their tails with nearly perfect palindromes while, at the other extreme, SDR1 has only four complementary nucleotides, surrounding a 12-nt conserved, nonpalindromic core.
Like SDR1 but unlike SDR4, SDR5, and the SDR4/SDR6 fused element, PU/REP elements have no evident target site specificity. While they are frequently found in combination, as BIMEs (bacterial interspersed mosaic elements), they, unlike SDR1 and SDR4, have not been reported to form nested structures. There is no evidence we know of for the mobility of PU/REP elements.
What is the life cycle of an SDR element?
A global consideration of the findings may permit a partial reconstruction of the life history of SDR elements (Fig. 7) . SDR elements must enter the lineage from within, by mutation, or from without, most likely by virus or incoming plasmid. In most cases, the new instance of the element suffers degradation and is lost from the organism, but occasionally it may become inserted within a tandomly repeated sequence or a transposon (full or miniature).
Then it may be propagated even after it has ceased to be independently mobile (e.g. because the protein that acts on it is no longer present). This process is visible in instances of most of the SDR elements. Transposition continues until the gene encoding the transposase is inactivated by mutation.
Whether an SDR element arises by new insertion, transposition, or recombination (or gene conversion), it is bound to be lost by random mutation unless selection acts to preserve it. Nostoc and its relatives may have been subjected to waves of infection and recovery (Wagner 2006) , by transposons and SDR elements, and we see only those infections in progress, scars of previous infections, and cases where random insertion has fortuitously placed an element in a context where it provides the organism with a selectable advantage.
The conserved instances of SDR2a in Anabaena may be such cases, and the long inverted repeat provided by many of these instances downstream from genes may serve in transcriptional termination (as shown also by Lupski and Weinstock 1992 in some instances of PU/REP, transcript termination, or translational coupling. The less common conserved upstream instances of SDR2a may stabilize transcripts, as has been shown for a boxAB n C sequence in Streptococcus pneumoniae (Knutson 2006 ).
Why invent a new name for families of dispersed repeats?
There have been many names given in the past to small dispersed repetitive elements.
Many have incorporated into the name the genus of the organism, for example RUP (Repeat Unit of Pneumococcus) (Oggioni and Claverys 1999) and NEMIS (Neisseria Miniature Insertion Sequence; Mazzone et al. 2001) . Others have used the name to describe the structure of the elements. The PU (Palindromic unit) elements of E. coli and its relatives is a case in point. Neither convention seemed suitable for the elements described in this report, as they may be found in different genera and do not share a common structure. SRE (Small Repetitive Elements; Buisine et al. 2002) is less restrictive, but we would like to maintain a distinction between tandem repeats and repeats well separated on the genome. We have therefore opted for a name that captures only the essential characteristics --small dispersed repeats (SDR) -and have used it as a prefix for specific families, as Tn is used for transposon names. Knowledge Environment, formerly BioLingua; Massar et al. 2004) , an integrated knowledgebase and programming environment that facilitates genomic analysis. Blast (Altschul et al. 1997 ) was used initially but was abandoned because its algorithm, requiring contiguous-word matches, failed to find many matches we deemed significant. Families of repeated sequences were found instead by iterative searches, using a BioBIKE function to find all sequences related to an initial query (taken from the intron sequences) with fewer than 3 mismatches (or 2 mismatches in the case of the shorter SDR4 and SDR5 sequences) and then all sequences related to those found in the initial search. This level of similarity was chosen because using it there is no more than a calculated 0.01% chance of finding a match in a random sequence the size and nucleotide composition of the Nostoc genome. Other genomes were searched in the same way, but using as initial queries all versions of SDR elements with at least three copies in Nostoc. In addition, SDR1 was sought in genomes by the less stringent pattern match, as described in the text. One would expect a pattern match to arise in a random genome the size and composition of E. coli's about one time in four. Sequences matching a given pattern were found using BioBIKE's pattern-matching capabilities.
Materials and Methods

Sequences
Sequences were aligned using Clustal (Thompson et al. 1994) implemented within BioBIKE and also by hand. Highlighting of sequences to display their internal structure was done by hand. Information content at each position of a collection of SDRs was represented by WebLogos (Crooks et al. 2004) . The SDRs were first visually filtered to remove any that were interrupted by the insertion of other SDR elements.
An exhaustive catalog of 24-nt repeated sequences was obtained by sorting all 24-nt sequences extracted from the genome, counting the occurrences of identical sequences, and sorting the counts.
Files containing sequences and coordinates of SDR elements are available from the website: http://www.people.vcu.edu/~elhaij/SDR.
Other methods. SDR elements from different cyanobacteria were compared by aligning sequences of conserved regions. Conserved regions were determined using orthologous genes as points of reference. We defined two genes from different organisms to be orthologous if each gene was most similar to the other in Blasts of one gene against the genes of the other's organism, using a threshold of 10 -10 . Finding orthologs were greatly facilitated by precomputed Blast results within BioBIKE for all available cyanobacterial genomes.
Information content of flanking sequences, representing their diversity, was calculated using Shannon entropy, -∑ f nuc log 2 (f nuc ) (Schneider 2000) , where f nuc represents the frequency of a specific nucleotide at a specific position relative to the SDR element, and the sum is taken over all four nucleotides, ignoring terms where f nuc is 0. Fig. 1 reports the information content averaged over the 7 nt flanking the element on the left and on the right.
The averages were normalized so that the maximal information content (total sequence identity) is set to 1 and minimal information content (total sequence diversity) is set to 0.
The phylogenetic tree shown in Fig. 5 was obtained from a distance matrix using Phylip, Version 3.2 (http://evolution.genetics.washington.edu/phylip.html) as implemented in BioBIKE.
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Left end of transposon and minitransposon elements A1. CCTCACATAAGTCAATACAGTTCAGATAAGACCAAAACACTT-----------------------
A2.
TCAGTCATATCACAATACGGTTCAGTTAAAGCTAAAACTCTTTGT-CAAAGTCAATTTTTTT---A3. TTAATTATCCAGCAATACGGTTCAGTTAAGGCTAAAACTCTGTTACCAAAGTCGTTG-TTTTTTT A4. TTGGTTTTACCCCAATACGGTTCAGTTAAGGCTCAAAGTGATGTAAATTAGGCATTGTTCCCAAG...
B1. TTTGCATTTTGATAGGACTTACGCACGAGTTACGGAAT---------------------------
B2. TTGTAATATAAATAGGACTTACGCATGAGTTACGGAAT---------------------------
C1. TCTGTATGAAGATGCGGGACTTCCAAGAAATAAATTATCCAAATG--------------------
C2. CTAAAAACTCAATAAGGGACTTCCAAGAAATAAATTATCCGGATT--------------------
Middle end of transposon and minitransposon elements
A1.
-
--------------------------------------GTAGAGACGGCGATTTATCGCGTCT------------------
A2.
--TACGTAGACGCG---------------------GAGCGGCTTGCCGCAGGCTACCACAGAGACGCAGAGGGCACTGAG--A3.
--TACGAAC-CGCCTTCGCGTAGCGTCTCGTAGAGAAG-------------------------GCGCAGAGAACGCAGAG--
A4.
B1.
--AACGTAGACGCG---------------------GAGCGGCTTGCCGCAGGCTACCACAGAGGCACAGAGGGCACGGAG--
B2.
--AACGTAGACACGTTCGCGTAGCGTCTCGTAGAGAAGTGGCTTGCCGCAGGCTACCGCAGAGGCACAGAGGGCACGGGG--C1.
--AACGTAGACGCG---------------------GAGCGGCTTGCCGCAGGCTACCACAGAGACGCAGAGAACACAGAG--
C2.
--AACGTTA--------------------------GCGTAGCTTGCCGAAGGCTACCACAGAGGCGCAGAGGACACAGAG--
Right end of transposon and minitransposon elements
--------------------CAAAAACCCAAAATTTTTGCCAGTAGCCCTTAACTGAACCGTATTGTCATATAAGTAG
----------------------------------AGAATAAAGAAATGCTTAACTGAACTGTATTGAGTTATATCATG
A3.
-----------------------------------AGAAGAAAGAGATGCTTAACTGAACTGTATTGAATTATCCAGGA A4.
...CAGCGAGTTGAGGCTCCTAATTTCCATATCATTAATAACGCTTTCAGCTTTAACTTAACCGTATTGGGTTATATAGTC B1.
------------------------------AAATCAGAGTTTGAGAGATAATTTGCGTAAGTCCTATTTGAATTAAAC
------------------------------AAATCAGAGTTTAAGAGATATTTTGCGTAAGTCCTAATAAATAGTCAC
C1.
---ACAGGAGAAATAGAGAAGATTTTTGAGTCAGTTTTAGGATTTTTTTTATTTGGAAGTCCCTGCGCCAAACTATAT
C2.
TAATCAGGGTTTGAGAGATTTTTTA-CGTTAGGTGGTTGAGTATTTTTTTATTTGGAAGTCCCTAACTTCACCGTTAA
D1.
TGTATCTAATACCAATTTAAAAAAAGAATGCAACAAATAGACCATTTGTAGAGACGCGATGAATCGCGTCTTT-----ACCCAAGGATGTGTTGCAATCATCAATCAAAATGGTATAAAAATTT D2. GACAAATTATACCAATTTGAAAAAAGAATGCGACAAATCAACCATCTGTAGAGACGCGATTTATCGCGTCTTC-----ACCCAAGGATGTGTTGCAGTCATTAATTGAATTGGTATTAGCTAGT D3. TCAAAGTAATACCAATTTGAAAAAAGAATGCGACCAATCAACCATCTGTAGATACGCGATTAATCGCGTCTTCATTTCACCCAATGATGTGTTGCAATCATTAATTGAATTGGTATAGCTACAA D4. TTGGCATAATACCAATTCACTAAAAATATGATACAGATAATTAAGGAATAAATAGGAACAAGAAAAAATGGCTGGAGT ... TTTATTTGTATCAGGCTTTTCGTGAATTGGTATAAGTCGTT 
